Relapse of the primary disease remains the predominant cause of death following bone marrow transplantation for high-risk haematological malignancies. Improved supportive care and patient selection have resulted significant improvements in toxicity with standard conditioning regimens. Further dose intensification to reduce the risk of relapse may therefore be feasible. We determined the maximal tolerated dose (MTD) of a 5-day continuous infusion (CI) of etoposide when added to oral busulphan 16 mg/kg and intravenous cyclophosphamide 120 mg/kg (Bu/Cy) as conditioning in 44 autograft and 18 allograft recipients at high risk of relapse. The major toxicity of escalating doses of etoposide was oral and gastro-intestinal mucositis, reflected by a statistically significant increase in the requirement for total parenteral nutrition in both autografts and allograft recipients. Time to neutrophil and platelet recovery, opiate analgesia requirements, and duration of hospitalization were not affected by etoposide dose escalation. The MTD in autograft recipients was 300 mg/m 2 /day (1500 mg/m 2 total dose), and 100 mg/m 2 /day (500 mg/m 2 total dose) for allograft recipients. Mucositis and hepatotoxicity were more frequent in allograft recipients, suggesting that methotrexate may have contributed to the lower tolerable dose in these patients. As a consequence, further dose escalation may not be possible in heavily pre-treated patients undergoing allogeneic transplantation. Conversely, high dose CI etoposide can be added with relative safety to Bu/Cy in autograft recipients.
The combination of busulphan and cyclophosphamide (Bu/Cy) is a widely used and generally well tolerated myeloablative conditioning regimen prior to allogeneic 1,2 and autologous stem cell transplantation (SCT). 3 Despite intensive conditioning, however, relapse of the primary disease remains the predominant cause of death following transplantation for high-risk haematological malignancies. In an attempt to reduce the incidence of relapse, conditioning regimens have been intensified by the addition to Bu/Cy of agents such as etoposide, 4-7 cytarabine 8, 9 and idarubicin. 10 Etoposide is a topoisomerase-II inhibitor with a steep dose-response against a wide range of malignancies. Previously reported regimens of etoposide in combination with Bu/Cy have identified a wide maximal tolerated dose (MTD) range between 30 and 60 mg/kg when given as a bolus infusion over 4 hours.
5-7 Dose-limiting toxicities include mucositis, hepatotoxicity and pneumonitis. 5, 6, 7, 11 The risk of pneumonitis is significantly enhanced by previous lung field irradiation. 6 The variation in MTD reported in these studies in part reflects variations in type of stem cell source (autologous vs allogeneic), and the patient groups studied (acute leukaemia in first remission 11 vs advanced disease 4 ). The development of severe mucosal and hepatic toxicity following single dose etoposide added to Bu/Cy led some centres to investigate a divided total dose etoposide of 30 mg/kg 12 or 48 mg/kg 13 given as a daily bolus dose over 3 days. Despite this divided dose approach, mucosal and hepatic toxicity, including venocclusive disease, have remained dose-limiting at total doses greater than 40 mg/kg in heavily pre-treated patients undergoing autologous BMT. 14 While pharmacokinetic data of etoposide as a single agent delivered as a 34-h continuous infusion (CI) show no difference in the area under the curve (AUC), half-life or toxicity as compared to a 6-h infusion, 15 studies examining the use of etoposide as a CI in combination with cyclophosphamide 200 mg/kg, have shown an MTD of 4.2 g/m 2 , nearly double that achieved with intermittent dose schedules. 16 Moreover, CI of etoposide has been demonstrated to produce an improved anti-tumour effect in a range of malignancies as a result of prolonged drug exposure. 17 These observations provided the rationale for examining CI etoposide as part of myeloablative conditioning. The MTD of etoposide when added as a continuous infusion to Bu/Cy for allograft conditioning has not been previously determined. Our unit has previously observed excellent tolerability of Bu/Cy as conditioning prior to autograft. 3 Given this experience and the rationale described, we performed a study of the toxicity of escalating doses of etoposide delivered by CI in addition to Bu/Cy as conditioning prior to allogeneic or autologous BMT for high-risk haematological malignancies.
Patients and methods

Eligibility
Patients with lymphoma or leukaemia who were scheduled for either an autograft or allograft were eligible for entry according to the criteria detailed in Table 1 . In general, patients with recurrent disease were transplanted in untreated relapse or chemosensitive relapse; multiply relapsed chemorefractory patients were not eligible. Prior mediastinal radiotherapy was added as an exclusion criterion in autograft recipients following reports of increased pulmonary toxicity in that patient group. 6 At the time of modification of the exclusion criteria, six patients receiving autologous SCT had been enrolled, none of whom had received mediastinal radiotherapy, or developed pulmonary toxicity. The study was approved by the institutional ethics review committee of the Royal Melbourne Hospital and all patients gave informed written consent.
Study protocol and conditioning regimen
The initial etoposide dose was set at 50 mg/m 2 /day as a CI for 5 consecutive days from day Ϫ8 to day Ϫ3 inclusive. In addition, each patient received oral busulphan 1 mg/kg per day on day Ϫ7 to day Ϫ4 inclusive followed by intravenous (i.v.) cyclophosphamide 60 mg/kg/day on day Ϫ3 and day Ϫ2. Drug doses were calculated using ideal body weight. On the day of transplant, autograft recipients received either cryopreserved peripheral blood stem cells, marrow or both. All allograft recipients received unmanipulated marrow from HLA-identical sibling donors. GVHD prophylaxis consisted of intravenous cyclosporin (CsA) 3 Cardiac ejection fraction Ͼ45%. 6
Creatinine clearance at or above lower limit of predicted normal. 7 No previous mediastinal radiotherapy (added after first six autograft patients).
CML = chronic myeloid leukemia; AML = acute myeloid leukemia; ALL = acute lymphoid leukemia, HD = Hodgkins disease, NHL = non-Hodgkins lymphoma; CP = chronic phase; CR = complete remission; KCO = carbon monoxide diffusion capacity; FEV 1 = forced expiratory volume in 1 s; VC = vital capacity.
mg/kg/day and methotrexate (MTX) 15 mg/m 2 on day 1, and 10 mg/m 2 on days 3, 6 and 11 with folinic acid rescue (FAR) after each methotrexate dose.
The study protocol was designed to allow for a minimum of three allograft recipients and three autograft recipients to be enrolled at each dose level of etoposide. If no grade 3 or 4 non-haematological toxicity occurred in the initial three patients enrolled at each level within 60 days of BMT, subsequent patients were enrolled at the next highest etoposide dose level. Each etoposide dose escalation was in increments of 50 mg/m 2 /day. Where fewer than three patients at any dose level had been followed for 60 days, and no grade 3 or 4 toxicities were observed, newly eligible patients were enrolled at the current dose level. If grade 3 or 4 non-haematological toxicity occurred in one of the three initial patients, an additional three patients were enrolled at that same dose. If a further patient developed grade 3 or 4 toxicity, or if more than one of the initial three patients developed grade 3 or 4 toxicity, no further patients were enrolled at that dose level. Three additional patients were then enrolled at the preceding dose level. The MTD was defined as the level at which no more than one of at least six patients experienced grade 3 or 4 non-haematological toxicity.
Supportive care
All patients were nursed in reverse barrier isolation. Prophylactic intravenous antifungal and antiviral therapy was given with fluconazole 200 mg daily and aciclovir 200 mg 8 hourly, respectively. Prophylactic antibacterial therapy was not given. Broad spectrum antibiotic therapy was initiated at the onset of fever. All patients received prophylactic anticonvulsant therapy with clonazepam and uro-epithelial prophylaxis with intravenous hyperhydration and mesna. Filgrastim or other growth factor was not administered routinely. Allograft recipients received intravenous immunoglobulin 400 mg/kg per week from day Ϫ1 to day +84. Where the etoposide dose was 200 mg/m 2 /day or greater, propantheline 30 mg orally every 6 h for six doses was given in an attempt to limit mucositis by reducing secretion of drug in the saliva. 18 Ganciclovir 5 mg/kg three times a week was given from the time of engraftment until day 84, as cytomegalovirus (CMV) prophylaxis to CMVpositive allograft recipients or those receiving grafts from CMV-positive donors. Co-trimoxazole was used from the time of engraftment as prophylaxis against Pneumocystis carinii infection.
Toxicity grading
Toxicity of the conditioning regimen was graded using the scoring system devised by Bearman. 19 Regimen-related toxicity (RRT) was regarded as any organ toxicity occurring within the first 100 days post-BMT. However, the development of bacteremia or fungemia were not regarded as a RRT unless secondary to another organ toxicity such as mucositis or severe colitis. Similarly, GVHD was not regarded as a RRT.
Statistical analysis
Spearman rank correlation was performed for each dose level of etoposide vs days of TPN administration, days of opiate analgesia, days to neutrophil recovery to Ͼ0.5 ϫ 10 9 /l and days to platelet recovery to Ͼ20 ϫ 10 9 /l. A P value of Ͻ0.05 was considered statistically significant.
Results
A total of 62 patients was enrolled, with 44 undergoing autologous and 18 allogeneic SCT. Patient demographics and diseases treated are shown in Table 2 . One allograft patient with AML in first CR was erroneously entered on to the study and received etoposide at the 200 mg/m 2 /day level.
Autografts
Haematologic toxicity: Forty-four patients received autologous SCT. Peripheral blood stem cells were used alone in 32 patients, unmanipulated marrow in three and both in nine. All recipients achieved rapid neutrophil and platelet engraftment, except for two patients with delayed platelet recovery (Table 3) . One patient, who received 50 mg/m 2 /day of etoposide, had no identifiable cause for prolonged thrombocytopenia, eventually had platelet recovery and remains in remission. The other patient received 250 mg/m 2 /day, developed persistent thrombocytopenia related to progressive marrow NHL, and died at day 78. Overall there was no identifiable impact of etoposide dose escalation on either platelet (P = 0.6) or neutrophil recovery (P = 0.8). 
Allografts
Haematologic toxicity: The results for allograft recipients are detailed in Table 4 . As expected, neutrophil and platelet recovery were both longer than that seen in autograft patients. There was no statistically significant association for either neutrophil or platelet recovery with escalating etoposide dose (P = 0.15 and P = 0.18 respectively). Failure of both neutrophil and platelet recovery occurred in one patient at each of the 100 mg/m 2 /day and 150 mg/m 2 /day treatment levels. These patients died of fungal sepsis and interstitial pneumonitis at day 17 and day 23, respectively. Delayed haematologic recovery was seen in the context of severe GVHD in one further patient who received 100 mg/m 2 /day. Neutrophil recovery was eventually seen at day 3  40  12  9  1  3  9  0  0  15  150  3  43  11  12  2  4  8  2  0  19  200  3  29  10  10  3  3  5  0  0  14  250  7  45  12  17  6  8  10  2  1  26  300  8  53  11  8  7  5  10  3  0  16  350  12  44  10  12  9  8  11  4  1  22  400  3  41  16  22  3  8  7  2  0  15 Data are presented as median values where applicable. TPN = total parenteral nutrition. 42; however, the patient remained platelet transfusion dependent until his death at 150 days from grade 4 GVHD.
Grade 2-3 non-haematologic toxicity:
One patient developed grade 3 mucositis, with most (16/18) experiencing grade 2 mucositis. As with the autograft patients there was a statistically significant trend towards longer duration of TPN (P = 0.004) with escalating etoposide doses. Opiate analgesia use with escalating dose was not statistically significant (P = 0.12). Compared to autograft recipients, allograft recipients had a longer time to discharge with increasing etoposide dose and a longer median duration of opiate analgesia (12 vs 5 days). Additional grade 2-3 toxicity included hepatic (9), bladder (1), renal (4), pulmonary (1), gastro-intestinal (2) . No relationship between etoposide dose and hepatic toxicity could be discerned , with grade 2 toxicity seen at etoposide doses of 50 mg/m 
Maximal tolerated dose
Allogeneic BMT: Both patients enrolled at the 200 mg/m 2 /day dose level experienced significant toxicity with grade 3 gastro-intestinal toxicity in one, and grade 3 hepatic, bladder and gastro-intestinal toxicity in the other. Therefore, no further patients were enrolled at this level. At the 150 mg/ m 2 /day level, two of the six patients enrolled developed significant toxicity: grade 3 hepatic and pulmonary toxicity in one, and in the other, fatal interstitial pneumonitis. The four other patients treated at the 150 mg/m 2 /day level experienced grade 2 mucositis as the only significant toxicity. At the 100 mg/m 2 /day level one patient died of fungal sepsis related to neutropenic colitis. The remaining five patients treated at the 100 mg/m 2 /day dose developed grade 2 mucositis (4), grade 2 hepatic toxicity (1), and grade 2 gastro-intestinal toxicity (1). The maximal tolerated dose was therefore determined to be 100 mg/m 2 /day (500 mg/m 2 total) for patients undergoing allogeneic BMT.
Discussion
In this study, we wished to determine the MTD and examine the toxicity of escalating doses of etoposide added to standard-dose Bu/Cy as conditioning prior to either autologous or allogeneic SCT. Given that toxicity has limited the dose of etoposide when delivered as a short infusion on 1 or 3 days, we designed this study to examine if etoposide given as a CI over 5 days would allow more intensive dose escalation.
In autologous SCT recipients the addition of etoposide to Bu/Cy was well tolerated at doses below 250 mg/m /day (500 mg/m 2 total). There was no statistically significant effect of etoposide dose on the engraftment of neutrophils or platelets in either the autologous or allogeneic setting. This observation is of particular importance in the light of previous pharmacokinetic data, which have suggested a proportion of patients have detectable etoposide at time of BMT. 16 In five patients included in this study, etoposide plasma concentrations were assessed by high performance liquid chromatography; in no cases was the drug detectable at the time of marrow or stem cell infusion. Due to technical reasons, it was not possible to perform busulphan levels.
Hepatotoxicity has previously been reported as a doselimiting toxicity of etoposide.
11 Despite significant dose escalation, no grade 3-4, and only five (11%) episodes of grade 2 hepatic toxicity were seen in autograft recipients. By contrast, grade 3 hepatic toxicity was seen in 3/18 (16%) allograft recipients. These occurred at various dose levels, suggesting that individual patient variables, such as the amount of prior chemotherapy, were important influences on the development of this complication. The higher incidence of hepatic toxicity in allograft recipients suggests that the use of MTX for GVHD prophylaxis may have also contributed, as has been described by others. 21 While opiate analgesia requirement was not prolonged with increasing doses of etoposide, a statistically significant dose-related increase in TPN use was observed in both patient groups. This observation reflects the increased severity of mucositis when etoposide doses were escalated. As expected given the concomitant use of MTX, the duration of mucositis was longer in allograft recipients, despite the lower doses of etoposide used in these patients. Antifolate agents, such as MTX, have been shown to increase the number of DNA breaks induced by topoisomerase-II inhibitors in vitro and in vivo 22 and therefore this drug combination may have contributed to limiting the MTD in the allograft setting.
The occurrence of fatal interstitial pneumonitis in two allograft recipients contributed to a relatively low MTD of 100 mg/m 2 /day. The aetiology of interstitial pneumonitis in allograft patients remains problematic. This complication Bone Marrow Transplantation was not observed in autograft recipients despite the use of higher doses of etoposide, and our observations are consistent with the hypothesis that interstitial pneumonitis often represents a GVHD-related phenomenon, rather than a direct drug toxicity per se. 23 By standardising the previously reported MTD of bolus administered etoposide to a 70 kg, 180 cm tall patient (body surface area = 1.9 m 2 ), comparison between dosing schedules may be made. In our experience, the use of CI etoposide has allowed dose escalation in autograft recipients to similar levels to those achieved by a 3-day divided dose (2850 mg vs 2800 mg total dose). In 'standard' allograft recipients, the MTD of 100 mg/m 2 /day when given as a CI, delivers a total dose of 950 mg. This compares to 2100 mg using a bolus schedule as reported by Kroger et al. 11 It is important to note, however, that in the latter report 62% of patients were considered good risk (AML in first complete remission) and the regimen related mortality at 30 mg/kg was 17%, identical to that seen in our higher risk patient group. A higher MTD may therefore be possible in allograft recipients with CI etoposide if used earlier in the disease course.
These findings indicate that the combination of Bu/Cy and CI etoposide may be used with acceptable toxicity in patients undergoing SCT/BMT for poor-risk haematologic malignancies, although doses above 100 mg/m 2 /day should not be used in heavily pre-treated allograft recipients. In order to achieve further dose escalation, particularly in heavily pretreated patients, real-time monitoring of etoposide levels may be required to minimize the impact of wide inter-patient variability of etoposide pharmakokinetics. 24, 25 The major practical conclusion of this study is that highdose CI etoposide can be added with relative safety to Bu/Cy in autograft recipients. The impact of this regimen on relapse rates remains to be determined. The data presented here allow the design of a prospective trial comparing disease-free survival after autologous SCT with either Bu/Cy or Bu/Cy plus CI etoposide 300 mg/m 2 /day for 5 days as conditioning.
